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Abstract 
Interrupted total strain controlled tests have been performed on cylindrical specimens of austempered ductile cast iron (ADI) with 
the aim to study fatigue crack initiation and provide the fine numerical simulations at temperatures 23 °C and – 45 °C. The 
systematic observation of the same places on surface specimen by SEM was done in interrupted low cycle fatigue test. Fatigue 
cracks initiated preferably from persistent slip markings at the interface of graphite nodule and the ausferrite matrix and places 
without visible graphite nodule. To prove this assumption the numerical simulations were performed in order to study this 
situation in more details. The three-dimensional (2D) model of the particle in the matrix was created in order to estimate the 
stress concentration factor caused by the particle. The loading of the model was composed of two steps – the cooling and then 
applied the tension stress. These steps are identical to the real testing conditions. To study the influence of the particle position 
near the surface the two-dimensional (2D) numerical analysis was performed where the position of the particle changed its 
position within the matrix. The highest sensitivity to the cracking of the matrix represented the position of the particle near by the 
surface of the specimen. The numerical analyses presented here helped to better understanding of the experimentally observed 
processes in the fatigued ADI. 
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1. Introduction 
Austempered ductile cast iron is a structural material in many industrial applications and its resistance to fracture 
in static and cyclic loading is subject of numerous research activities. Its mechanical properties are comparable with 
those of cast steels. Therefore it is often used for the production of bulkily vehicle components. Vehicle components 
are often subjected to variable loading at depressed temperatures. It is of interest to chose the optimum structure and 
evaluate its mechanical properties in conditions close to the service conditions. The addition of nickel leads to the 
improvement of ductility at low temperatures [1]. Recent studies on fatigue properties of austempered ductile cast 
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iron (ADI) in the domain of low cycle fatigue are scarce [2-4] especially no low temperature data are available. The 
relation of stress or strain induced phase transformation of stabilized austenite to the plasticity and strength of ADI 
was studied mostly in tensile and compression tests [1,5], only exceptionally in cyclic straining [2,3] Until now the 
consequence for the fatigue crack initiation has not been reported. Some papers modelled the stress concentration 
due to the presence of graphite noduli [1,6], but they do not consider the position of noduli relative to the material 
surface [7]. 
The aim of this paper is to analyze fatigue crack initiation of cyclically strained ADI alloyed with Ni at two 
temperatures (23 °C and – 45 °C) while taking into account the role of cyclically induced transformation of retained 
austenite, surface relief observation and finite element modelling of stress concentration around graphite nodule. 
This work is the part of result of PhD thesis [8]. 
2. Experimental procedure 
2.1. Materials and heat treatment 
Cylindrical specimens 8 mm in diameter and 15 mm in gauge length with threaded heads were machined from cast 1 
kg Y blocks. Chemical composition is shown in Table 1. Polished sections were used for the analysis of size, the 
morphology and the fraction of graphitic nodules using image analysis. Results are presented in Table 2. Specimens 
from both ADI were subsequently heat treated under optimum conditions: austenitization annealing at 840 °C / 1 
hour. and isothermal transformation (austempering temperature) at 375°C / 45 minutes with air cooling. 
Microstructure of the material is shown in Fig. 1. It consists of spherical graphite and the matrix, which contains fine 
bainitic needles and the retained austenite Ar. Volume fraction of retained austenite was determined using neutron 
diffraction and its typical values were 25 % for ADI with 0.54 % Ni and 30 % with ADI with 2.75% Ni. The tensile 
properties (0.2 % proof strength, ultimate tensile strength and elongation to fracture) of both materials and 
temperatures are given in Table 2. 
 
 
 
 
 
 
 
 
 
 (a) (b) 
 
Fig. 1. Optical micrograph of microstructure of (a) ADI with 0.54 % Ni ;(b) ADI with 2.75% Ni. 
Table 1. Chemical compositions of both ADI (in wt. %). 
C Mn Si P S Cu Cr Ni Mg 
3,46 0,25 2,61 0,02 0,023 0,03 0,04 0,54 0,038 
3,41 0,18 2,35 0,02 0,015 0,02 0,01 2,75 0,053 
Table 2. Nodule characteristics and tensile properties at both temperatures of studied ADIs. 
ADI with 
Nodule 
count 
(mm-2) 
Area fraction 
of nodule 
(%) 
Nodule 
diameter 
(Pm) 
Nodularity 
(%)  
0.2 % Yield 
strength (MPa) 
     RT        – 45 °C 
Ultimate tensile 
strength (MPa) 
RT        – 45 °C 
Elongation 
 (%) 
  RT      – 45 °C 
0.54 % Ni 262 9,48 32,11 83.5  747          737    952         1 071 10.9          12.9 
2.75 % Ni 566 9,53 20,58 92.5  728          656 1 016         1 177 15.6           11.4 
2338 M. Petrenec et al. / Procedia Engineering 2 (2010) 2337–2346
 M. Petrenec et al./ Procedia Engineering 00 (2010) 000–000 3 
2.2. Low cycle fatigue test 
Low cycle fatigue tests were conducted on electro-hydraulic computer controlled testing system MTS 810 in 
strain control regime at temperatures 25 °C and – 45 °C. Strain rate was held constant (0.0025 s-1) and symmetric 
push-pull cycle (Rİ = – 1) was used. Low cycle fatigue tests with constant total strain amplitude Ha were interrupted. 
The details about periods of interruption are given Ha in Table 3. During the periods of interruption the specimens 
were used for the determination of the volume fraction of retained austenite by neutron diffraction. Strain was 
measured by sensitive axial extensometer with gauge length 12 mm. Low temperature was produced in a cryostat 
mounted in the testing machine. Before cyclic loading the specimen and the grips were cooled by the controlled 
flow of nitrogen vapour ('t = 70 °C). Temperature variations during constant temperature test were within ±0.5 °C. 
During cyclic loading, selected hysteresis loops were recorded for further analysis. The stress amplitude, mean 
stress, total strain amplitude, maximum and minimum stress and strain in each cycle were recorded, too. After the 
test termination, a special program was used to evaluate the plastic strain amplitude from half width of the hysteresis 
loop. 
Table 3. Interrupted periods of cycling Ni and their percentage life (Ni/Nf ) x 100 for both temperatures of studied ADIs. The number of cycles to 
fracture is labelling as Nf. 
ADI 
with 
Temperature t 
(°C) 
Ha 
(%) 
Nf 
(-) 
N1 
(-) 
N1/Nf 
(%) 
N2 
(-) 
N2/Nf 
(%) 
N3 
(-) 
N3/Nf 
(%) 
N4 
(-) 
N4/Nf 
(%) 
0.5 % Ni 23 0.62   846 36 4.3 413 48.8 719 85   846 100 
0.5 % Ni – 45 0.63   630 50 7.9 300 47.6 630 100  - - 
2.7 % Ni 23 0.65 1 011 42 4.2 413 40.9 973     96.2 1 011 100 
2.7 % Ni – 45 0.67   855 50 5.8 452 52.9 802    93.8   855 100 
2.3. Surface relief observations 
Surface relief investigation was done using scanning electron microscope JEOL JSM 6460 working with 
accelerating voltage 20 kV in both detectors i.e. in detector of secondary electrons (SE) and backscattered electrons 
(BSE). The surface of specimens in the area of gauge length was grinded by abrasive papers with descending 
roughness and subsequently polished by diamond paste before cycling. In interrupted periods the same places were 
systematically studied. For local cross-section and subsurface observations was used excellent scanning electron 
microscope equipped with focused ion beam (FIB) Tescan LYRA I FEG. FIB accelerating voltage 30kV and ion 
beam currents of about 6nA (rough milling) and 300pA (for crossection polishing) were used. 
2.4. Neutron diffraction measurement 
For the determination of the volume fraction of retained austenite before, during and after cyclic the test the 
standard neutron powder diffraction instrument MEREDIT (Medium Resolution Neutron Powder Diffractometer) 
was used. The data were collected from the middle part of sample, in gauge length 12 mm. Data were collected in 
two separated scans by 4° 2 T with step 0.1° and time per step of 30 and/or 600 sec. The final patterns were 
calculated as the average of these two scans to improve the statistics. Program FullProf was used for the refinement 
of the diffraction patterns. 
2.5. Finite element modelling 
The three-dimensional (3D) model of cast iron containing graphite particle has been used for the estimation of the 
stress concentration caused by material non-homogeneity. The material properties assumed for the simulations were: 
Young’s modulus of matrix Ematrix = 210 GPa, Young’s modulus of graphite particle Eparticle = 8 GPa, Poisson’s ratio 
of matrix Qmatrix = 0.3 and of carbon particle Qparticle = 0.25. Thermal expansion coefficients of matrix amatrix = 12×10-
6 K-1 and of graphite particle aparticle = 1.8×10-6 K-1. Volume fraction of particles in the matrix was 8 %. 
For the first analysis the spherical shape of graphite particle with radius rparticle = 16 Pm has been considered. 
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Representative volume element (RVE) was formed by cube of matrix with spherical graphite particle inside. Due to 
the symmetry only one-eight of RVE has been modelled, see Fig. 2. The loading conditions were divided into two 
steps. In the first one the RVE was loaded by decreasing the temperature about 't. In the second step the stress 
distribution from the first step was kept and tensile loading V = 100 MPa was introduced. This two step loading 
corresponds to the experimental procedure described in section 2.2. Approximately 75 000 elements were defined 
for finite element mesh discretization.  
The values of the first principal stress V were obtained from the most critical point which was in our case point A 
and the stress concentration factor Kf is calculated as VV 
 
 
 
 
 
 
 
 
 
 
Fig. 2. 3D geometrical model of RVE. 
The second analysis was focused on modelling of the particle approaching and penetrating the matrix. The 
simulations were performed on two-dimensional model. Even though such a model does not simulate spherical 
particle but cylindrical fibres, for studying what happens between particle and surface from stress point of view is 
this model suitable. Simulated particle size of rparticle = 16Pm has been assumed. The position of particle is 
characterized by parameter c. If c < 1 the particle is not completely inside the matrix. When c  1 the particle is fully 
surrounded by the material of the matrix, see Fig. 3. 
 
 
 
 
 
 
 
 
 
Fig. 3. 2D geometrical model of particle position in the matrix. 
The tensile loading of V = 1MPa was applied to study the stress concentration produced by the presence of the 
particle in the matrix. The stress was evaluated in points A and B located as shown in Fig. 3. The point A is located 
at the bottom of the particle point B is located on the top of the particle. Typical number of finite elements for such 
simulations was approx. 15 000. In both points the first principal stress V has been obtained that is numerically 
equal to stress concentration factor Kf. 
3. Results 
3.1. Low cycle fatigue test 
The results of cyclic straining response and decreasing of retained austenite of both ADIs and temperatures are 
shown in Fig. 4. On Fig. 4a and Fig. 4b are presented cyclic hardening/softening curves for both experimental 
temperatures and materials. Fig. 4a shows stress amplitude dependence on cycles number N for given total strain 
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amplitudes Ha (see Table 3). The dependence of plastic strain amplitude on cycle number N is on Fig. 4b. Generally, 
the curves from cyclic loading at – 45 °C are shifted to higher stress amplitudes or to lower plastic strain amplitudes 
Hap respectively despite that the initial values of Hap were almost the same. Initial cyclic hardening is followed by 
slight cyclic softening during the majority of the fatigue life. In Fig. 4c the decrease of of retained austenite Ar vs. 
number of cycles N is demonstrated. At 23 °C the decrease of Ar is almost imperceptible only in the end of fatigue 
life (see Fig. 4c for ADI with 2.7 % Ni). But at – 45 °C in the period of cyclic hardening the main decrease of Ar is 
clearly shown especially in ADI with 2.7 % Ni where the increase is about 4 %. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The cyclic stress-strain response and results of neutron diffraction during cyclic straining of both ADIs and for two temperatures. The 
cyclic hardening/softening curves (a) in stress amplitude representation Va and (b) in plastic strain amplitude Hap vs. number of cycles N. The 
decreasing of retained austenite Ar vs. number of cycles N is in (c). 
3.2. Surface relief observations 
The surfaces of gauge length were observed by SEM at interrupted periods of low cycle fatigue tests at both 
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temperatures. In all cases at the beginning cycling (6 % of fatigue life) the surface relief was formed by the slip 
traces having the character of persistent slip traces and short cracks located preferentially close to the graphite 
nodule (Figs 5 and 6). Slip markings in the area of retained austenite (see Fig. 6) differed from those observed at 
room temperature that indicates the appearance of local phase transformation. The short cracks with the length about 
60 Pm are mainly localized at graphite nodule which is deeper under the surface (see detail on Fig. 5b) or short 
length about 20 Pm in graphite nodule localized small part under surface (see Fig. 6b). With increasing number of 
cycles the density of surface cracks increases. The cracks are perpendicular to the loading axis or inclined at an 
angle of 45 degrees. No significant differences in the crack initiation between two experimental temperatures were 
found. In the half-life (approximately at 50 %) longer observed cracks (see Fig. 5c) and also long cracks of the 
length 1.4 mm running through several graphite nodules (see Fig. 7) were observed. Principal crack formed by 
linking several short and long cracks in the end of fatigue life. Provided a crack appeared in the area void of nodules 
the graphite nodule could be discovered just under the surface by FIB technique. This is shown in Fig. 8 where a 
graphite nodule is observed under the surface (about 10 Pm in depth). 
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     Detail after 36 cycles (c) 
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Fig. 5. SEM-SE image of the same places partly etched surface relief of ADI with 0.5 %Ni cycled with Ha = 0.62 % at 23 °C: (a) before cycling 
(N = 0); (b) after N = 36 cycles; (c) after N = 413 cycles. 
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Stress axis 
Fig. 6. SEM-SE image of the partly etched surface relief of ADI with 0.5 %Ni cycled (a) withHa = 0.62 % at 23 °C for N = 36 cycles and (b) with 
Ha = 0.63 % at – 45 °C for N = 50 cycles. 
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Fig. 7. SEM-SE image of the partly etched surface with long fatigue crack in ADI with 0.5 %Ni cycled with Ha = 0.62 % at 23 °C after N = 413 
cycles. 
 
 
 
 
 
 
 
 
 
 
Fig. 8. SEM-SE and SEM-BSE images of the etched surface relief with short fatigue crack in ADI with 2.75 %Ni cycled with Ha = 0.65 % at 23 
°C after fracture Nf = 1 011. (a) the yellow rectangle show place (fatigue crack) where the hole by FIB will be created; (b) the hole produced by 
FIB milling, with its detail in red rectangle. 
Detail(b)(a) 
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3.3. Finite element modelling 
 All finite element analyses have been carried out with the commercial code ANSYS. The post-processing 
calculations have been performed after reading from the ANSYS result file. It can be found in literature [7] that 
hemispherical depression on the matrix surface induce stress concentration factor Kf = 2.23. In case of interior 
spherical holes Kf is slightly lower, Kf = 2.09. This stress concentration factor also depends on the size of the hole. 
Fig. 9 shows the results of estimation of stress concentration factor Kf obtained by numerical simulations where 
internal spherical particle has been modelled and both matrix and particle have been subjected to cooling by about 
't and loaded by tensile stress V. 
 
0
0.5
1
1.5
2
2.5
3
0 50 100 150 200 250 300 350 400 450 500
't [°C]
st
re
ss
 c
on
ce
nt
ra
tio
n 
fa
ct
or
 K
f [
-] 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Stress concentration factor obtained from 3D numerical analysis in point A after two loading steps with V = 100 MPa (left), preview of 
selected results for particular loading conditions (right). 
As shown in Fig. 9 the stress concentration factor Kf for thermal loading 't = 0° C reaches value approx. 2.20. In 
presented simulation the graphite particle, having Young’s modulus about 26× lower than matrix, behaves almost as 
the spherical hole. Calculated stress concentration factor is then in good agreement with values obtained from the 
literature. The stress concentration factor increases linearly with 't. For our particular experiments where 't = 70° C 
the stress concentration factor reaches value of 2.268. It should be mentioned that presented stress concentration 
factor Kf covers two loading steps. Thus, it is not possible to compare it with standard stress concentration factor. In 
the presented work it helps to find out the localization of fatigue crack initiation. 
The goal of the second analysis was to study the trend of stress concentration factor for graphite particle located 
just below the free surface (c = 1÷1.2). The influence of the graphite particle penetrating the matrix on stress 
concentration factor is shown in Fig. 10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Influence of particle position c on value of the stress concentration factor Kf (left) obtained from 2D numerical solution – preview of 
selected results for particular parameter c (right). 
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Whereas the stress concentration factor Kf obtained in point A varies between 2÷3.6 the stress concentration 
factor obtained in point B reaches much higher values. For positions of the particle characterized by parameter c = 
1÷1.2 the stress concentration factor caused by graphite particle is substantially higher than in any other location in 
the matrix. Even though this 2D analysis is simplification of a more complex 3D real problem the trend of 
significantly growing stress concentration factor is well observable. This can clearly explain problem with crack 
initiation near the graphite particles positioned very close to the free surface. 
 
4. Discussion 
The ductile cast iron is natural composite which consists from graphite nodules and the matrix. The graphite 
nodules have the same, approximately spherical shape. The small diameter of graphite nodule in ADI with 2.7 % Ni 
is due to nickel alloying.  
Until now, no explanation of the cyclic hardening/softening curves of austempered ductile iron was presented. 
The effect of martensitic transformation of retained austenite and generally the effect of depressed temperatures on 
the cyclic plasticity has not been studied, too. Hubner et al. [2] in their low cycle fatigue study of ADI at room 
temperature, mentioned transmission electron microscopy observations showing the presence of the induced 
martensite after cyclic loading. Other authors [3] pointed out that the decrease of the retained austenite volume 
fraction due to low cycle fatigue loading was proportional to the volume fraction of this phase before cyclic loading. 
Therefore, it can be suggested with our results, that the observed cyclic hardening is related to the martensitic 
transformation induced by cyclic straining mainly in matrix around graphite nodules (see Fig. 6). The presence of 
martensitic plates represents obstacles for mobile dislocations. The retained austenite in ADI is becoming less stable 
with the decrease of testing temperature and for that reason its volume fraction decreases in cyclic straining with 
high amplitudes (see Fig. 4c) and it results in cyclic hardening (see Fig. 4a,b). Subsequent cyclic softening observed 
at both temperatures is caused by the cyclic plastic strain localization into persistent slip bands/markings and the 
fatigue crack initiation in the vicinity of graphite nodules (see Fig. 5. and Fig. 6b.). These nodules are the main 
source of the plastic strain concentration in adjacent matrix. 
Numerical simulations clearly show that the cooling of the material before cyclic loading causes slight increase 
of the stress concentration factor (see Fig. 9).. Furthermore, when the graphite particle is located close to the free 
surface the stress concentration factor is significantly higher (see Fig. 10). This is clear explanation of the matrix 
cracking near the graphite particles. 
Low temperature contributes to the enhancement of stress concentration in the matrix on the interphase with the 
graphite and assists in phase transformation and in fatigue crack initiation within persistent slip bands around the 
noduli. 
5. Conclusions 
The study of the cyclic stress-strain response, measurement of the volume fraction of retained austenite, the 
surface relief investigations and finite element modelling of two ADI with different Ni content during cyclic 
straining at two temperatures (23 °C and – 45 °C) lead to the following conclusions: 
 
1. Initial cyclic hardening is accompanied by the rapid decrease of volume fraction of retained austenite mainly at 
depressed temperature. The following subsequent long-term softening during cycling was connected with 
localization of cyclic plastic deformation. 
2. The fatigue cracks initiated very early. i.e. at about 5 % of the fatigue life, at the interface matrix/graphite 
nodule where persistent slip markings were observed. 
3. The main fatigue degradation mechanism in both ADI and at both temperatures is the fatigue crack initiation in 
areas of localised plastic deformation adjacent to graphite nodules and subsequently the coalescence of these 
short fatigue cracks and formation of long fatigue cracks. 
4. Finite element modelling shows that the graphite particle located close to the free surface has significantly 
higher stress concentration factor than that in the interior of the material. Low temperature contributes to the 
increase of the stress concentration factor. 
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